Introduction {#s1}
============

Flavonoid biosynthesis is controlled by a gene regulatory network involving *M*YB factors, basic Helix-Loop-Helix factors (*b*HLH), and a *W*DR protein, referred to as MBW ([@CIT0054]; [@CIT0067]; [@CIT0069]). This function of the network is evolutionarily conserved in plants and is found in angiosperms ([@CIT0054]; [@CIT0067]; [@CIT0069]) and also recently in gymnosperms ([@CIT0044]). Most plant MYB proteins belong to the R2R3 class of MYBs that contain two DNA-binding R motives ([@CIT0011]; [@CIT0039]). bHLH proteins have been identified in all eukaryotes and are characterized by a DNA-binding basic domain that is 13--17 amino acids long and two amphipathic alpha helices separated by a loop, which are considered to mediate protein interactions ([@CIT0021]). WDR proteins have several WD40 domain repeats that are important for protein--protein interactions ([@CIT0062]). The three protein classes form a ternary complex in which both the R2R3 MYB and the WDR proteins bind to the bHLH protein ([@CIT0047]; [@CIT0070]; [@CIT0074]; [@CIT0020]). Analysis of protein fragments suggests that the WDR and MYB proteins bind to different regions of the bHLH protein ([@CIT0047]). The regulation of flavonoid production by MBW proteins is likely to be the most ancient function of these complexes and it is thought that additional functions have evolved from gene duplication and subsequent diversification ([@CIT0055]). In the rosid clade, in addition to the anthocyanidin and proanthocyanidin pathways, distinct MBW protein combinations also regulate three other traits, namely the development of trichomes and root-hairs, and the production of seed-coat mucilage. This is evident from mutants in the WDR gene *TTG1* in various species including *Arabidopsis thaliana*, *Arabis alpina*, and *Matthiola incana* ([@CIT0038]; [@CIT0019]; [@CIT0016]).

The function of the MBW proteins is best studied in Arabidopsis. Here, *TTG1* regulates the production of anthocyanidin, proanthocyanidin (seed color), and seed-coat mucilage, and the development of trichomes and root hairs ([@CIT0038]). The regulation of each of these traits is controlled in combination with specific bHLH and MYB genes. The bHLH genes include *GL3* ([@CIT0032]; [@CIT0047]; [@CIT0008]; [@CIT0070]; [@CIT0027]; [@CIT0022]), *EGL3* ([@CIT0008]; [@CIT0070]; [@CIT0027]), *MYC1* ([@CIT0059]; [@CIT0012]), and *TT8* ([@CIT0045]; [@CIT0070]; [@CIT0005]). Each bHLH gene is involved in the regulation of two or more traits in a partially redundant manner. The R2R3 MYB genes specifically control one trait each, with *GL1* and *MYB23* controlling trichome development ([@CIT0030]; [@CIT0042]; [@CIT0046]; [@CIT0035]), *WER* controlling root hair development ([@CIT0040]), *MYB61* controlling seed-coat mucilage ([@CIT0048]; [@CIT0070]), *TT2* proanthocyanidin controlling biosynthesis ([@CIT0006]; [@CIT0026]), and *PAP1* and *PAP2* controlling anthocyanidin production ([@CIT0010]; [@CIT0061]; [@CIT0027]).

It has been shown for TTG1 and most of the MYB proteins that they interact with bHLH proteins in yeast two-hybrid assays and/or LUMIER (*lu*minescence-based *m*ammalian *i*nt*er*actome) pull-down experiments ([@CIT0047]; [@CIT0070]; [@CIT0006], [@CIT0005]; [@CIT0072]; [@CIT0059]; [@CIT0049]), which suggests that various combinations of ternary complexes can be formed. However, it is likely that this is still a simplified view as the bHLH proteins can dimerize, leading to higher-order complexes ([@CIT0047]; [@CIT0057]; [@CIT0008]; [@CIT0070]; [@CIT0020]; [@CIT0051]; [@CIT0037]; [@CIT0001]; [@CIT0056]). The concept of ternary complex formation has been challenged by the demonstration that GL1 or WER can reduce the interaction of GL3 with TTG1 and that TTG1 can counteract the interaction of GL3 with GL1 ([@CIT0050]). Moreover, this study also showed that GL1 can counteract the GL3- and TTG1-induced transcriptional regulation of the TRY promoter, and that TTG1 can repress the activation of the CPC promoter by GL3 and GL1. Together, these data suggest both the presence of alternative dimers and their functional differentiation.

These findings raise the question as to whether alternative complex formation is a general property of all bHLH and MYB proteins in the pathways under consideration or whether this protein interaction behavior is specific to some combinations---and, if so, whether this is a property of the bHLH or MYB proteins. To address these questions, we systematically tested all Arabidopsis bHLH MYB combinations for competitive complex formation. In addition, we analysed the competition behavior for selected homologs from *Arabis alpina*, cotton (*Gossypium hirsutum*), petunia (*Petunia* × *hydrida*), and maize (*Zea mays*). These homologs were chosen either by sequence similarity (*A. alpina*) or because they have already been reported to be related to the traits studied here.

Materials and methods {#s2}
=====================

Constructs {#s3}
----------

All CDS entry clones were generated by amplifying the CDSs from the start to stop codon (for confirmed sequences see [Supplementary Table S9](#sup2){ref-type="supplementary-material"}) from cDNA of *Arabidopsis thaliana* (*At*) Col-0, *Arabis alpina* (*Aa*) Pajares, *Gossypium hirsutum* (*Gh*), *Petunia* × *hybrida* (*Ph*), and *Zea mays* (*Zm*) or from available plasmids ([Supplementary Table S10](#sup2){ref-type="supplementary-material"}) followed by BP recombination in donor pDONR201/207.

Point-mutations of *AtGL3* were introduced to pDONR201 AtGL3 using the primers listed in [Supplementary Table S11](#sup2){ref-type="supplementary-material"} in a PCR protocol that amplified the entire plasmid template ([@CIT0073]). The parent template was removed using a methylation-dependent nuclease DpnI, and bacteria were transformed with the nuclease-resistant nicked plasmid. Plasmids were isolated from the resulting colonies and screened for the desired modification. Finally, the positive clones were sequenced to confirm the desired modification.

CDSs of the AtGL3 wild-type and mutant AtGL3 variants were cloned into donor pDONR201 vectors by BP Reactions (Invitrogen) and introduced into pAMPAT-35S-GW (GenBank accession no. [AY436765](AY436765)) ([@CIT0050]). Rescue constructs were introduced in the *gl3 egl3 tt8* triple-mutant using the floral dip method ([@CIT0017]).

Bioinformatic analysis {#s4}
----------------------

Alignments were done using the Optimal Global Alignment with PAM40 Similarity Matrix in BioEdit Sequence Alignment Editor ([@CIT0029]).

Phylogenetic relationships were inferred using the maximum likelihood method based on the JTT matrix-based model ([@CIT0034]). Initial tree(s) for the heuristic search were obtained by applying the Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model and selected for the best likelihood values. The tree with the highest log-likelihood (--6100.8152) is shown. The analysis involved 15 proteins. All positions containing gaps and missing data were eliminated, leaving a total of 342 positions for comparison. Evolutionary analyses were conducted in MEGA6 ([@CIT0060]).

Yeast vectors {#s5}
-------------

Fusions of the CDSs to the GAL4 binding and activation domains were produced through an LR Reaction in pAS-attR and pC-ACT2-attR, respectively. As a negative control, the vectors pAS-*attRans pC-ACT2-attR* were recombined with pENTR1A-w/o-*ccdB*.

LUMIER vectors {#s6}
--------------

Three different destination vectors were used for subsequent LR Reactions. pcDNA3-Rluc-GW and pTREX-dest30 (Invitrogen) that enable the N-terminal fusion of *Renilla reniformis* and *Staphylococcus aureus* protein, respectively, have been described previously ([@CIT0049]).

Defined genes were N-terminal fused to the *S. aureus* protein A sequence in pTREX-dest30-ntProtA by LR Reactions. As a negative control, the vector pTREX-dest30-ntProtA was recombined with pENTR1A-w/occdB ([@CIT0050]).

The full-length *Renilla reniformis* luciferase-gene was fused to the N-terminus of selected genes by LR reaction in pcDNA3-Rluc-GW. pENTR1A-w/o-ccdB was also recombined to this vector as a negative control.

Yellow fluorescent protein (YFP)-tagged proteins and the control without any CDSs were created by LR recombination of pTREX-dest30-YFP with the respective entry clones.

Yeast two-hybrid assays {#s7}
-----------------------

Yeast two-hybrid assays, using the strain *AH109*, were carried out as described previously ([@CIT0024]). The transformed yeast cells were selected by plating them onto synthetic defined (SD) selection medium lacking Leu and Trp (SD-LW). Interactions were examined by analysing co-transformed yeast cells on SD interaction medium lacking Leu, Trp, and His, and supplemented with 5, 10, and 15 mM 3-amino-1, 2, 3-triazole (SD-LWH).

LUMIER assays {#s8}
-------------

### Six-well plate for pairwise assay {#s9}

For LUMIER (*lu*minescence-based *m*ammalian *i*nt*er*actome) assays, *S. aureus* protein A with or without the *R. reniformis* luciferase was fused to the N-terminus of each protein and transiently expressed in HEK293TM cells (BioCat/SBI: LV900A-1). Transfection and cell harvesting were carried out as described previously ([@CIT0049], [@CIT0050]). After 48 h, cells were washed three times with PBS, lysed in 150--250 μl lysis buffer, and extracts for different combinations were mixed after 1 h of lysis. Each combination was prepared in duplicate. Protein-immunoprecipitation and luminescence measurements were done as described previously ([@CIT0049]) using non-transfected cells or cells expressing the *Renilla* luciferase protein (Rluc) as controls. The percentage of Rluc on the beads compared with the lysate was calculated by dividing the Rluc activity on the beads by the Rluc activity in the same amount of lysate used in the pull-down assay (Input).

### Nine-cm Petri dish for triple-components assay {#s10}

To test whether the addition of another protein affected the binding behavior in the LUMIER assays described above, we expressed a third protein fused to YFP at the N-terminus using the backbone of pTREXdest30. Lysis of cells was done with 750--1000 μl lysis buffer for each plate. Extracts were normalized with respect to the YFP signal (TECAN) and combined after 1 h lysis. The total volume was kept constant by adding non-transfected cell lysate. Each combination was prepared in duplicate. Probes without additional YFP-fused protein were used for normalization. Cells expressing YFP-protein were included in the analysis to exclude non-specific interference of signals.

Results {#s11}
=======

Competitive complex formation between MBW proteins in Arabidopsis {#s12}
-----------------------------------------------------------------

Our previous finding that the AtGL1 and AtWER proteins can interfere with the interaction of AtTTG1 and GL3 ([@CIT0050]) raises the question as to whether competitive complex formation is a general property of all MBW proteins or if it is specific to only some combinations. To examine this, we studied TTG1 combinations with the bHLH proteins GL3, EGL3, MYC1, and TT8, and the R2R3 MYB proteins GL1, MYB23, MYB61, WER, TT2, PAP1, and PAP2. As a reference we performed pull-down experiments using LUMIER assays ([@CIT0009]; [Supplementary Table S1](#sup2){ref-type="supplementary-material"}) to confirm previously published interaction data ([@CIT0047]; [@CIT0070]; [@CIT0006]; [@CIT0074]; [@CIT0072]; [@CIT0012]; [@CIT0050]). ,The interaction network including the dimerization behavior of the bHLH proteins is summarized in [Fig. 1A](#F1){ref-type="fig"}. We used ProtA-tagged bHLH proteins (AtGL3, AtEGL3, AtTT8, and AtMYC1) to co-immunoprecipitate *R. luciferase*-fused AtTTG1 (LUC-AtTTG1) with and without YFP-tagged R2R3MYB proteins. TheAtTTG1--AtGL3 interaction substantially dropped in the presence of AtGL1, AtWER, AtTT2, or AtMYB61 ([Fig. 1C](#F1){ref-type="fig"}), indicating that AtTT2 and AtMYB61 can also counteract AtTTG1 binding to AtGL3. On the other hand, addition of AtPAP1 and AtPAP2 resulted in significantly increased immunoprecipitation. We found similar competition behavior when using AtEGL3 instead of AtGL3 in these experiments. Strikingly, the interaction patterns of R2R3 MYB proteins were different in combination with the two bHLH proteins AtTT8 and AtMYC1. In the case of AtTT8, the addition of all R2R3 MYB proteins caused significantly increased co-immunoprecipitation of AtTTG1, which we henceforth term synergistic behavior. When testing the interaction between AtMYC1 and AtTTG1, the addition of all MYB proteins led to significantly reduced precipitation of AtTTG1. These results indicated that competitive complex formation of MBW proteins was a property of bHLH and R2R3 MYB proteins, and that it was only found in specific combinations. In addition, the data showed that the AtTTG1--bHLH interactions could be modulated positively and negatively by the addition of R2R3 MYB proteins.

![Interactions and competition between MBW proteins in Arabidopsis. (A) Interaction network of MBW proteins based on yeast two-hybrid and pairwise LUMIER pull-down assays. Grey lines indicate weak interactions among the proteins. The homo- and hetero-dimerization of bHLHs is summarized at the top-right. (B) Schematic representation of the constructs driven by human promoter cytomegalovirus immediate early 1 (IE-1) that were used in the triple LUMIER assays. (C) Competition analysis of R2R3 MYB and bHLH proteins. Triple LUMIER pull-down assays were used to determine the pull-down efficiency of *Renilla*-tagged AtTTG1 by ProtA-tagged AtbHLH proteins with and without AtR2R3 MYB proteins. The results obtained in the presence of AtR2R3 MYB proteins are presented in relation to the pull-down values without addition of AtR2R3 MYB proteins (the white bar and horizontal dashed line indicates 100%). Yellow fluorescent protein (YFP) was included as a negative control (w/o). YFP-tagged AtTTG1 served as a positive control for competition. Data are means (±SE), *n*=3 experiments. Significant differences compared to the negative control (w/o) were determined using Student's *t*-test: \*\*\**P*\<0.001; \*\**P*\<0.01; \**P*\<0.05. (This figure is available in color at *JXB* online.)](erz155f0001){#F1}

Competitive complex formation between MBW proteins in *Arabis alpina* and *Gossypium hirsutum* {#s13}
----------------------------------------------------------------------------------------------

A comparison of the functions of MBW proteins in different species has suggested that they were initially relevant in the context of anthocyanidin and proanthocyanidin production, and that additional functions evolved in the rosid clade ([@CIT0055]). We therefore studied competitive complex formation of MBW proteins in two well-examined rosid species, *A. alpina* and *G. hirsutum*.

*Arabis alpina* is a member of the crucifer family with an evolutionary distance of \~26--40 million years from Arabidopsis ([@CIT0036]; [@CIT0007]). This enabled the identification of most corresponding orthologs by sequence similarity and synteny ([Table 1](#T1){ref-type="table"}, [Supplementary Tables S2--S4](#sup2){ref-type="supplementary-material"}, [Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}). *Arabis alpina* has one *AaTTG1* gene and orthologs of the four bHLH genes considered here. Orthologs of most R2R3 MYB genes were also found. We found no PAP1 or PAP2 orthologs; instead, we identified a *PAP-like* (*PAPL*) gene that shares high sequence similarity to PAP1 and PAP2. Similar to Arabidopsis, we found interactions of all bHLH proteins with AaTTG1 and all MYB proteins ([Fig. 2A](#F2){ref-type="fig"}, [Supplementary Table S5](#sup2){ref-type="supplementary-material"}, [Supplementary Fig. S2A](#sup1){ref-type="supplementary-material"}). In addition, homo- and hetero-dimerization was found for all combinations ([Fig. 2A](#F2){ref-type="fig"}, [Supplementary Table S5](#sup2){ref-type="supplementary-material"}). The competition analysis revealed a similar behavior such that AaGL1 and AaWER counteracted the interaction of AaTTG1 and AaGL3/EGL3 whereas the addition of PAPL caused increased co-immunoprecipitation ([Fig. 2B](#F2){ref-type="fig"}). AaTT8 differed from AaGL3 and AaEGL3 in that AaGL1 and AaWER did not interfere with the interaction of AaTT8 and AaTTG1. AaMYC1 showed a similar behavior to that found in Arabidopsis in that the addition of all MYB proteins caused a reduced interaction.

###### 

Selected CDSs for MBW proteins in five plant species\*

                                            Gene name used in this study   Gene ID                      Reference sequence
  ----------------------------------------- ------------------------------ ---------------------------- ------------------------------------
  ***Arabidopsis thaliana*, Col-0**                                                                     
  *R2R3 MYB*                                *AtGL1*                        AT3G27920                    NM_113708.2
                                            *AtWER*                        AT5G14750                    NM_121479.3
                                            *AtPAP1*                       AT1G56650                    NM_104541.4
                                            *AtPAP2*                       AT1G66390                    NM_105310.4
                                            *AtTT2*                        AT5G35550                    NM_122946.3
                                            *AtMYB61*                      AT1G09540                    NM_100825.5
  *bHLH*                                    *AtGL3*                        AT5G41315                    NM_148067.4
                                            *AtEGL3*                       AT1G63650                    NM_202351.2
                                            *AtMYC1*                       AT4G00480                    NM_001160722.2
                                            *AtTT8*                        AT4G09820                    NM_117050.3
  *WD40*                                    *AtTTG1*                       AT5G24520                    NM_122360.2
  ***Arabis alpina*, Pajares**                                                                          
  *R2R3 MYB*                                *AaGL1*                        AALP_AA5G050100              A_alpina_V4.cds\*\*
                                            *AaWER*                        AALP_AA8G149800              A_alpina_V4.cds\*\*
                                            *AaPAPL*                       AALP_AAs71396U000200\*\*\*   A_alpina_V4.cds\*\*
  *bHLH*                                    *AaGL3*                        AALP_AA6G320200              A_alpina_V4.cds\*\*
                                            *AaEGL3*                       AALP_AA6G002800              A_alpina_V4.cds\*\*
                                            *AaMYC1*                       AALP_AA6G006500.1            A_alpina_V4.cds\*\*
                                            *AaTT8*                        AALP_AA6G192900              A_alpina_V4.cds\*\*
  *WD40*                                    *AaTTG1*                       AALP_AA8G421800              A_alpina_V4.cds\*\*
  ***Gossypium hirsutum*, TM-1**                                                                        
  *R2R3 MYB*                                *GhMYB2*                                                    AF034130.1
                                            *GhMYB25*                                                   AY464054.1
                                            *GhRLC1*                                                    NM_001327615.1
  *bHLH*                                    *GhDEL65*                                                   AF336280.1
                                            *GhDEL61*                                                   AF336279.1
  *WD40*                                    *GhTTG1*                                                    AF530907.1
                                            *GhTTG2*                                                    AF530909.1
                                            *GhTTG3*                                                    AF530911.1
                                            *GhTTG4*                                                    AF530912.1
  ***Petunia* × *hybrida*, cultivar R27**                                                               
  *R2R3 MYB*                                *PhAN2*                                                     AF146704
                                            *PhAN4*                                                     HQ428105.1 (V30) or EB175066 (R27)
                                            *PhPH4*                                                     AY973324.1
  *bHLH*                                    *PhAN1*                                                     AF260919.1
                                            *PhJAF13*                                                   AF260918
  *WD40*                                    *PhAN11*                                                    U94748.1
  ***Zea mays*, cultivar B73**                                                                          
  *R2R3 MYB*                                *ZmC1*                         GRMZM2G005066                AY237128
                                            *ZmPL*                         GRMZM2G701063                KJ727236.1
                                            *ZmP1*                         GRMZM2G084799                KJ728395.1
  *bHLH*                                    *ZmR(Lc)*                      GRMZM5G822829                KJ726800.1
                                            *ZmR(S)*                       Zm00001d026147               XM_008663066.3 (6^s^)
                                            *ZmB*                          GRMZM2G172795                KJ727396.1
  *WD40*                                    *ZmPAC1*                       GRMZM2G058292                KJ728394.1
                                            *ZmMP1*                        GRMZM2G099334                AY339884.1 ([@CIT0014])

\* Data presented in this table have been extracted from the following sources. For *A. thaliana*: <https://www.ncbi.nlm.nih.gov/nuccore;>[www.arabidopsis.org](http://www.arabidopsis.org). For *A. alpina*: <http://www.arabis-alpina.org/refseq.html> ([@CIT0066]). For cotton: *Gossypium hirsutum* cultivar TM-1 seed was kindly provided by Dr Jing Qu (Institute of Microbiology, Chinese Academy of Sciences, China). Examples for reference sequences of plasmids were selected from NCBI BLASTn ([@CIT0015]; [@CIT0065]; [@CIT0023]; [@CIT0028]; [@CIT0063]). For petunia: plasmids were kindly provided by R. Koes. Examples for reference sequences of plasmids were selected from NCBI BLASTn ([@CIT0003]; [@CIT0071]; [@CIT0043]). For maize (both plasmids and own cloning reference): <https://www.maizegdb.org/;><http://plants.ensembl.org/Zea_mays/Info/Index?db=core;><https://www.ncbi.nlm.nih.gov/nuccore;> genome assembly AGPv4, B73 RefGen_v4 (information on the assembly at <http://plants.ensembl.org/Zea_mays/Info/Annotation/#genebuild);> plasmids from the maize TFome (transcription factor ORF collection) ([@CIT0013]) were selected from <https://grassius.org/index.php> ([@CIT0068]).

^\*\*^ A_alpina_V4.cds.fasta from <http://www.arabis-alpina.org/refseq.html> ([@CIT0066]).

^\*\*\*^ AaPAPL was first identified at the protein level using *A. alpina* protein sequences, <http://www.arabis-alpina.org/refseq.html> ([@CIT0066]).

![Interactions and competition between MBW proteins in *Arabis alpina* and *Gossypium hirsutum*. (A) Interaction network of MBWs in *A. alpina* based on yeast two-hybrid (Y2H) and pairwise LUMIER pull-down assays. The homo- and hetero-dimerization of AabHLHs are shown at the top-right: solid lines indicate interactions that were supported by both methods, and dashed lines indicate interactions that were supported by either Y2H or LUMIER assays. Grey indicates a weak interaction. (B) Competition analysis of AaR2R3MYBs and AabHLH proteins by triple LUMIER pull-down assays, as detailed in [Fig. 1](#F1){ref-type="fig"}. (C) Interaction network of MBWs in *G. hirsutum* based on Y2H and pairwise LUMIER pull-down assays. (D) Competition analysis of GhR2R3MYBs and GhbHLH proteins by triple LUMIER pull-down assays, as detailed in [Fig. 1](#F1){ref-type="fig"}. Data in (B, D) are means (±SE), *n*=3 experiments, and significant differences compared to the negative control (w/o) were determined using Student's *t*-test: \*\*\**P*\<0.001; \*\**P*\<0.01; \**P*\<0.05. (This figure is available in color at *JXB* online.)](erz155f0002){#F2}

In *Gossypium hirsutum* we considered four WD40 proteins (GhTTG1, GhTTG2, GhTTG3, GhTTG4) ([Table 1](#T1){ref-type="table"}, [Supplementary Tables S2--S4](#sup2){ref-type="supplementary-material"}). Among these, GhTTG1 and GhTTG3 have been shown to be involved in fiber formation ([@CIT0033]). We selected two bHLH proteins, GhDEL65 and GhDEL61, both of which are important in fiber development ([@CIT0064]; [@CIT0056]). In addition, we analysed three R2R3 MYB proteins: GhMYB2 and GhMYB25 are relevant for seed trichome formation, and GhRLC1 plays a role in the regulation of anthocyanidin production ([@CIT0015]; [@CIT0065]; [@CIT0041]; [@CIT0023]; [@CIT0028]; [@CIT0063]). We found that only the WD40 proteins GhTTG1 and GhTTG3 showed interactions with the two bHLH proteins ([Fig. 2C](#F2){ref-type="fig"}) ([@CIT0033]). Both the bHLH proteins interacted with the three R2R3 MYB proteins ([Supplementary Table S6](#sup2){ref-type="supplementary-material"}, [Supplementary Fig. S2B](#sup1){ref-type="supplementary-material"}). As GhTTG1 and GhTTG3 can functionally replace each other, we focused our analysis of the competition properties on GhTTG1. We found that the addition of GhMYB2 and GhMYB25 both interfered with GhTTG1 binding to both bHLH proteins ([Fig. 2D](#F2){ref-type="fig"}). GhRLC1 showed a differential behavior in that it had no effect on the GhTTG1--GhDEL61 interaction but strengthened the GhTTG1--GhDEL65 interaction.

Competitive complex formation between MBW proteins in *Petunia hybrida* and *Zea mays* {#s14}
--------------------------------------------------------------------------------------

We next analysed the MBW complexes in *Petunia hybrida* and *Zea mays*. The MBW genes in petunia are functionally well-characterized and have been shown to act as controllers of anthocyanidin biosynthesis pathways ([@CIT0052], [@CIT0053], [@CIT0051]; [@CIT0018]; [@CIT0058]; [@CIT0002]). Trichome development does not appear to depend on MBW genes but is instead controlled by a different pathway ([@CIT0054]; [@CIT0055]; [@CIT0069]). Similarly, the MBW genes in maize are controllers of anthocyanidin production.

Our analysis of the petunia MBW proteins examined the WD40 protein PhAN11, the bHLH proteins PhAN1 and PhJAF13, and the R2R3 MYB proteins AN2, PhAN4, and PhPH4 ([Table 1](#T1){ref-type="table"}, [Supplementary Tables S2--S4](#sup2){ref-type="supplementary-material"}). Yeast two-hybrid and LUMIER interactions were found for both the bHLH proteins with the WD40 protein, with each other, and with all the R2R3 MYB proteins ([Fig. 3A](#F3){ref-type="fig"}, [Supplementary Table S7](#sup2){ref-type="supplementary-material"}, [Supplementary Fig. S2C](#sup1){ref-type="supplementary-material"}) ([@CIT0057]; [@CIT0001]). The analysis of competitive complex formation revealed that the interaction of PhAN1 with PhAN11 could not be repressed by the R2R3 MYB proteins. Addition of PhAN4 resulted in better binding ([Fig. 3B](#F3){ref-type="fig"}). The interaction of PhJAF13 with PhAN11 was significantly reduced in the presence of each of the three R2R3 MYB proteins.

![Interactions and competition between MBW proteins in *Petunia hybrid* and *Zea mays*. (A) Interaction network of MBWs in *P. hybrid* based on yeast two-hybrid (Y2H) and pairwise LUMIER pull-down assays. Solid lines indicate interactions that were supported by both methods, and dashed lines indicate interactions that were supported by either the Y2H or LUMIER assays. (B) Competition analysis of PhR2R3MYBs and PhbHLH proteins by triple LUMIER pulldown assays, as detailed in [Fig. 1](#F1){ref-type="fig"}. (C) Interaction network of MBWs in *Z. mays* based on Y2H and pairwise LUMIER pull-down assays. Solid lines indicate interactions that were supported by both methods, and dashed lines indicate interactions that were supported by either Y2H or LUMIER assays. (D) Competition analysis of ZmR2R3MYBs and ZmbHLH proteins by triple LUMIER pull-down assays, as detailed in [Fig. 1](#F1){ref-type="fig"}. Data in (B, D) are means (±SE), *n*=3 experiments, and significant differences compared to the negative control (w/o) were determined using Student's *t*-test: \*\*\**P*\<0.001; \*\**P*\<0.01; \**P*\<0.05. (This figure is available in color at *JXB* online.)](erz155f0003){#F3}

For the analysis of the *Zea mays* MBW proteins, we examined the WD40 proteins ZmPAC1 and ZmMP1, the bHLH proteins ZmR(S), ZmB, and ZmR(Lc), and the R2R3 MYB proteins ZmC1, ZmP1, and ZmPL ([Table 1](#T1){ref-type="table"}, [Supplementary Tables S2--S4](#sup2){ref-type="supplementary-material"}). Yeast-two hybrid and LUMIER interactions were found for all the bHLH proteins with ZmPAC1 and between each other ([Fig. 3C](#F3){ref-type="fig"}, [Supplementary Table S8](#sup2){ref-type="supplementary-material"}). We found no interactions of the bHLH proteins with ZmMP1. ZmR(S) and ZmR(Lc) showed interactions with the R2R3 MYB proteins ZmC1 and ZmPL. The bHLH protein ZmB did not interact with any of the R2R3 MYBs used in this study ([@CIT0025]; [@CIT0031]). We found no competitive behavior for ZmR(S) and ZmR(Lc) in combination with any of the R2R3 MYB proteins ([Fig. 3D](#F3){ref-type="fig"}). Addition of the ZmPL protein caused improved binding of the ZmR proteins to ZmPAC1.

The phylogenetic relationship of bHLH proteins correlates with their ability to form competitive complexes {#s15}
----------------------------------------------------------------------------------------------------------

Our findings that competitive complex formation was found only in a subset of the bHLH proteins prompted us to examine the correlation of this property with the evolutionary relationship as assessed by a maximum-likelihood analysis. In constructing the phylogenetic tree, we used only those proteins for which we had data on their ability to form competitive complexes. Using the JTT matrix-based mode ([@CIT0034]), we created a phylogenetic tree for the bHLH proteins considered here using MEGA6 ([@CIT0060]), and found that they fell into two clades ([Fig. 4A](#F4){ref-type="fig"}). The first clade consisted of AtMYC1, AaMYC1, PhJAF13, GhDEL65, GhDEL61, AtGL3, AaGL3, AtEGL3, and AaEGL3, all of which showed competitive complex formation in combination with one or several R2R3 MYB proteins. With the exceptions of AtMYC1, AaMYC1, and PhJAF13, all the bHLH proteins in this clade also exhibited synergistic interactions with at least one MYB protein. The second clade consisted of AaTT8, AtTT8, PhAN1, ZmR(Lc), and ZmR(S), all of which exhibited no competitive complex formation with any of the tested MYB proteins but showed synergistic interactions in combination with one or more MYBs.

![Phylogenetic analysis of bHLH proteins used in this study. (A) The phylogenetic tree was constructed using the alignment of full-length bHLH proteins. The tree is drawn to scale with branch lengths measured as the number of substitutions per site, and it was created by mid-point rooting. Bootstrap values are given at the branch nodes, determined from 500 bootstrap repetitions. The interaction behaviors are indicated on the right: clade I, competitive complex formation; clade II, non-competitive complex formation. (B) Analysis of bHLH protein motifs. Four motifs were identified by MEME (<http://alternate.meme-suite.org;>([@CIT0004]), shown as numbered boxes in the construct diagram of the bHLH protein. The sequence information for each motif is provided in the [Supplementary Fig. S4](#sup1){ref-type="supplementary-material"}). The amino acids shared in clade I in the four motifs are shown for the bHLH proteins analysed in this study and compared to those in clade II. The changes in amino acid that were introduced into wild-type AtGL3 are shown at the bottom. (This figure is available in color at *JXB* online.)](erz155f0004){#F4}

Identification of sites required for competitive complex formation {#s16}
------------------------------------------------------------------

We extended our analysis by performing a detailed sequence comparison to identify possible regions or sites correlating with the property to mediate competitive complex formation. As a first step, we selected four motifs with high sequence similarity that are present in similar positions in the bHLH proteins using MEME Suite 4.12.0 ([@CIT0004]) ([Fig. 4B](#F4){ref-type="fig"}, [Supplementary Figs S3, S4](#sup1){ref-type="supplementary-material"}). Next, we searched for differences in conserved amino acids that were specific to one clade. We found four amino acids at different positions of the protein. In motif 1, all the bHLH proteins of the first clade had a phenylalanine in common; in motif 2, the first clade was characterized by a proline; in motif 3, we found the basic amino acid aspartate or an asparagine in the first clade; and in motif 4, the first clade had a serine or a threonine in common ([Fig. 4B](#F4){ref-type="fig"}).

To test whether one of these amino acids was indeed relevant for competitive complex formation, we decided to introduce mutations in the AtGL3 protein to render it non-competitive. To do this, we substituted the four amino acids with an amino acid found at the same position in the non-competitive bHLH proteins ([Fig. 4B](#F4){ref-type="fig"}): the phenylalanine in motif 1 was changed to an isoleucine \[AtGL3 (F177I)\]; the proline in motif 2 to an aspartate \[AtGL3 (P377D)\]; the aspartate in motive 3 to a glycine \[AtGL3 (D477G)\]; and the serine in motif 4 to a histidine \[AtGL3 (S589H)\]. We then tested whether the mutations lead to different binding behaviors of AtGL3 to AtTTG1 or to AtR2R3 MYB proteins ([Fig. 5A](#F5){ref-type="fig"}). We found significantly reduced binding of AtGL3 (D477G) to AtTTG1 and significantly reduced binding of AtGL3 (F177I) to all the AtR2R3 MYB proteins tested.

![Analysis of mutant AtGL3 protein variants. (A) Binding analysis of the wild-type and mutant AtGL3 alleles with AtTTG1 or AtR2R3 MYB proteins by pairwise LUMIER assays. Data are shown as relative values compared to the wild-type AtGL3, which was defined as 100% (the inputs of the AtGL3 wild-type and mutant alleles were normalized). (B) Competition behavior of the wild-type and AtGL3 mutants. The interaction strength of the ProtA_ATTG1 and 4 LUC_AtGL3 alleles (as indicated at the top) was analysed in the presence of different AtR2R3 MYB proteins, as detailed in [Fig. 1](#F1){ref-type="fig"}. The data are shown as relative values with reference to the probes without any AtR2R3 MYB proteins (the white bar and horizontal dashed line indicates 100%). Data are means (±SE), *n*=3 experiments, and significant differences compared to the negative control (w/o) were determined using Student's *t*-test: \*\*\**P*\<0.001; \*\**P*\<0.01; \**P*\<0.05. (This figure is available in color at *JXB* online.)](erz155f0005){#F5}

We next examined the four mutant proteins for competitive binding behavior. We compared ProtA-AtTTG1 and LUC-AtGL3 binding with and without different AtR2R3 MYB proteins ([Fig. 5B](#F5){ref-type="fig"}). While AtGL3 (P377D), AtGL3 (D477G), and AtGL3 (S589H) showed the same binding behavior as the wild-type AtGL3, AtGL3 (F177I) was not able to mediate competition. This was true for all four MYBs namely AtGL1, AtWER, AtTT2, and AtMYB61. Interestingly, the synergistic interaction with AtPAP1 and AtPAP2 was not altered, indicating that competitive complex formation and synergistic interactions can be separate and therefore mechanistically distinct.

AtGL3 (F177I) rescues anthocyanidin production but not trichome development {#s17}
---------------------------------------------------------------------------

To examine the relevance of the induced point-mutations, we performed rescue experiments. Wild-type AtGL3, AtGL3(F177I), and AtGL3(D477G) were expressed under the 35S promoter in the *gl3 egl3 tt8* triple-mutant. This mutant shows a phenotype reminiscent of *ttg1*, including defects in trichome and root hair development, and in anthocyanidin, proanthocyanidin, and seed-coat mucilage production ([@CIT0070]). T1 seeds were initially grown on agar containing 4% sugar to assess rescue of the anthocyanidin phenotype. This phenotype was effectively rescued by overexpression of all three proteins ([Fig. 6](#F6){ref-type="fig"}). Rescued plants were transferred to soil and rosette leaves were inspected for rescue of the trichome phenotype. All T1 plants expressing wild-type AtGL3 or AtGL3 (D477G) exhibited a rescue of the phenotype; however, none of the plants expressing AtGL3 (F177I) showed rescue. This indicated that this amino acid is essential for the regulation of trichome production but not for anthocyanidin production.

![Phenotypic rescue of the Arabidopsis *gl3 egl3 tt8* triple-mutant by mutant AtGL3 protein variants. The triple-mutant was transformed with *35S::AtGL3*, *35S::AtGL3* (F177I), and *35S::AtGL3* (D477G) and analysed in the T1 generation. The top row shows seedlings grown on half-strength Murashige and Skoog medium with 4% sugar under Basta selection at 4 d after germination. Scale bars are 2 mm. Representative images are shown and the proportions of rescued plants/Basta-resistant plants are indicated below. The bottom row shows rosette leaves of 2-week-old T1 plants that had previously been analysed for the anthocyanidin phenotype at 9 d after germination. The proportion of plants showing trichome rescue in the plants that exhibited anthocyanidin rescue are indicated below. Scale bars are 5 mm.](erz155f0006){#F6}

Discussion {#s18}
==========

All three components of the MBW complexes are ancient and evolutionarily conserved proteins that are present in all eukaryotes ([@CIT0054]), and the regulation of flavonoid biosynthesis in plants is considered to be the most ancient function of the MBW complexes ([@CIT0054]; [@CIT0069]). Additional functions in the regulation of seed-coat mucilage production and in trichome and root hair development appear to have evolved in dicotyledon plants after the asteroid--rosid split ([@CIT0055]). Competitive complex formation of the MBW proteins was discovered for proteins involved in an evolutionarily more recent trait, namely trichome formation ([@CIT0050]). This raises the question as to whether competitive complex formation is also a new biochemical property or whether it is a general behavior of MBW proteins. In an attempt to answer this, we used a biochemical approach in the form of the LUMIER assay ([@CIT0009]). This technique has the advantage that the interactions are determined in the absence of other plant proteins that may stabilize or destabilize the interactions. By the same token, it is possible that the interactions are different in plants because of other proteins. However, we are convinced that this technique provides a solid basis for future *in planta* studies.

Modulation of MBW complex formation in Arabidopsis depends on the individual combinations of bHLH and R2R3 MYB proteins {#s19}
-----------------------------------------------------------------------------------------------------------------------

When comparing the ability of the four Arabidopsis bHLH proteins, namely AtGL3, AtEGL3, AtMYC1, and AtTT8, to mediate competitive complex formation, three types of interaction behaviors were seen ([Fig. 1C](#F1){ref-type="fig"}). While AtGL3 and AtEGL3 showed competitive complex formation with some R2R3 MYBs and enhanced complex formation with others, AtMYC1 showed competitive complex formation with all R2R3 MYBs. By contrast, AtTT8 exhibited a better interaction with AtTTG1 in the presence of all the tested R2R3 MYBs. These results also indicated that the R2R3 MYB proteins differed in their ability to modulate the binding of the bHLH proteins with AtTTG1 ([Fig. 1C](#F1){ref-type="fig"}). For example, AtGL1, AtTT2, AtMYB61, and AtWER could counteract the binding of AtTTG1 to AtGL3 and AtEGL3, whereas AtPAP1 and AtPAP2 improved AtTTG1 binding. In combination with AtTT8, however, AtGL1, AtTT2, AtMYB61, and AtWER could enhance AtTTG1 binding. Thus, the modulation of TTG1 binding to the bHLH protein depends on the individual bHLH--R2R3 MYB combinations.

How can this modulation of AtTTG1 binding to bHLH proteins by R2R3 MYBs be explained at the molecular level? As AtTTG1 and R2R3 MYBs are considered to bind to different regions of the bHLH proteins ([@CIT0047]), it is likely that the binding of a R2R3 MYB protein leads to an allosteric change. One possibility is that a conformational change of the bHLH protein leads to modulation of the binding affinity of AtTTG1. It is conceivable that this might work in both directions, such that the binding affinity is either reduced or enhanced.

Evolutionary analysis of the modulation of MBW complex formation {#s20}
----------------------------------------------------------------

The finding that the modulation of MBW complex formation is a property of specific combinations of bHLH and R2R3 MYB proteins in Arabidopsis raises the question as to how this behavior has evolved. Interestingly, we found the same interaction behavior for the orthologous proteins in *A. alpina* ([Fig. 2B](#F2){ref-type="fig"}). The finding that *ttg1* mutants in *A. alpina* share the same spectrum of phenotypes with Arabidopsis suggests that the overall function of TTG1-dependent traits is conserved ([@CIT0016]). *Arabis alpina* is in the same family as Arabidopsis, with an evolutionary distance of \~26--40 million years ([@CIT0036]; [@CIT0007]). While this evolutionary distance enables the identification of orthologous genes by sequence similarity and synteny, it would be expected that a conservation of the protein behavior would point to a functional relevance. In this respect, it is plausible that the same complex formation behavior of orthologous MBW proteins suggests some functional relevance.

In cotton, we found that the two bHLH proteins examined, GhDEL6 and GhDEL65, mediated competitive complex formation ([Fig. 2D](#F2){ref-type="fig"}). In petunia, PhJAF13 and PhAN1 behaved differently, such that PhJAF13 showed competitive complex formation with all the R2R3 MYBs tested whereas PhAN1 did not ([Fig. 3B](#F3){ref-type="fig"}). In maize, however, two bHLH proteins, ZmR(Lc) and ZmR(S), did not show competitive complex formation but did show better ZmPAC1 binding in the presence of the ZmPL protein ([Fig. 3D](#F3){ref-type="fig"}). This suggests that competitive complex formation might have evolved in eudicots; however, more data from more species are needed to confirm this.

One possible way to assess the evolution of competitive complex formation is to correlate this trait with a phylogenetic tree of bHLH proteins. In our analysis we found two main clades ([Fig. 4A](#F4){ref-type="fig"}). One clade consisted of the two R genes from maize, the AN1 gene from petunia, and TT8 from *A. alpina* and Arabidopsis, all of which did not show competitive complex formation. The second clade consisted of GL3, EGL3, and MYC1 from *A. alpina* and Arabidopsis, JAF13 from petunia, and DEL65 and DEL61 from cotton, all of which exhibited competitive complex formation. Together, these data suggest that competitive complex formation can be considered as a trait that correlates well with the evolutionary distance of the respective proteins.

Functional relevance of competitive complex formation {#s21}
-----------------------------------------------------

Our mutational analyses ([Fig. 5](#F5){ref-type="fig"}) revealed that an exchange of the phenylalanine in position 177 of AtGL3 for an amino acid found in non-competitive bHLH reduced binding to R2R3 MYBs and rendered AtGL3 non-competitive. Whether the loss of competitive complex formation was caused by the 30% reduced binding of the R2R3 MYBs is not known. However, as reduced binding of GL3 to AtPAP1/AtPAP2 did not affect the binding of AtTTG1 to AtGL3 (F177I) in the presence of AtPAP1 or AtPAP2 ([Fig. 5B](#F5){ref-type="fig"}) it is conceivable that the loss of competitive complex formation was not the immediate consequence of reduced R2R3 MYB binding.

The phenylalanine 177 in AtGL3 also appears to be functionally relevant. Strikingly, mutations in this position did not affect rescue of the anthocyanidin phenotype but only the rescue of the trichome phenotype ([Fig. 6](#F6){ref-type="fig"}). It is therefore tempting to speculate that competitive complex formation is an evolutionary innovation in the context of patterning processes. Competitive complex formation might lead to a much more complex regulation network in which different complexes may adopt different functions. This is consistent with earlier findings that GL1 can counteract the activation of the TRY-promoter by GL3 and TTG1, and that TTG1 can counteract the activation of the CPC promoter by GL3 and GL1 ([@CIT0050]). Thus, this protein behavior could, in principle, translate different ratios of the proteins in the MBW complex into differential gene regulation. This turn could be favorable for the formation of new regulatory networks for creating a *de novo* pattern.

Supplementary data {#s22}
==================

Supplementary data are available at *JXB* online.
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